This paper validates the accuracy of a high order accuracy CFD code on predicting near field signatures of sonic boom propagation. The flow near the body is solved using a structured grid Euler solver with low diffusion E-CUSP schemes, 3rd order MUSCL scheme, and 3rd and 5th order WENO schemes. Three benchmark cases, including two non-lifting models and one lifting model, are calculated. The predicted results are in good agreement with that of experiment data. For the Delta wing configuration, the mesh provided by the workshop generates a smooth expansion wave at the off-track plane. When the mesh is refined, a shock coalesced by the compression waves from the wing tip is captured and it generates a weak shock wave interacting with the expansion.
Introduction
Although the Concorde, the first supersonic civil transport ceased service in 2003 due to high operating costs, efforts to minimize the sonic boom and make supersonic commercial flight economically and environmentally viable continues. To design a supersonic airplane with low sonic boom, an accurate simulation tool is essential. However, resolving accurate shock propagation is very challenging due to numerical dissipation. The current sonic boom prediction methodology is to simulate the near field with fine mesh resolution. From near field to ground, the shock wave propagation and compression wave coalesce are simulated by linear wave equations [1] or nonlinear Burger's equations [2] .
Many efforts have been made in the past 2 decades to develop an accurate sonic boom prediction methodology. Rallabhandi et al [3] develop a mixed-fidelity CFD-based low-boom design process to design and evaluate low-boom configurations. The NASA FUN3D CFD code is used to calculate the gradient from ground boom signature instead of the near field signature. Elmiligui et al [4] employ two NASA codes, USM3D (Navier-Stokes) and CART3D-AERO (Euler, adjoint-based adaptive mesh), to compute off-body sonic boom pressure signatures at several altitudes at Mach 2.0. The computed pressure signatures agrees well with wind tunnel data. Wintzer et al [5] develop a multi-level framework for the design of low sonic boom aircraft. The NASA Cart3D CFD code with ajoint-driven mesh refinement is used to construct high quality volume grid. Ishikawa et al [6] develop a structured/unstructured overset grids method for predicting sonic-boom. The unstructured grid CFD is used around the airplane and the structured grid CFD solver is used to predict the near-field pressure signatures. The CFD code UPACS(Unified Platform for Aerospace Computation Simulation) is adopted as a high-fidelity aerodynamic analysis in their study in order to verify the S3TD design results.
A workshop was organized by NASA to evaluate new-field sonic boom prediction capability in Oct of 2008 [7] . The sonic boom signatures of three non-lifting bodies and two lifting configurations were computed. The results from AIRPLANE, Cart3D, FUN3D, and USM3D flow solvers were evaluated in the workshop. Reasonable results were produced and the accuracy of the available methods exceeded the expectations of the participants. The AIAA First Sonic Boom Prediction Workshop [8] held in Jan of 2014 assessed the state of the art of near field sonic boom prediction. Blind tests of various computational models were conducted without prior knowledge of the experiment data. Comparisons were made among participants' solutions on workshop provided grids. Numerical results are in good agreement with experiment data in general. Participants also reach a conclusion that Mach cone alignment and stretching along Mach rays are important for accurate sonic boom predictions for all types of grid methods.
This paper compares the accuracy of near filed sonic boom prediction using different shock capturing schemes for the benchmark cases provided by the AIAA 2014 Sonic Boom workshop [8] . The effects of turbulence modeling on sonic boom prediction are evaluated by the simulation of a NASA cone [9] .
Numerical methods
The in house high order accuracy CFD code FASIP(Flow-Acoustic-Structure Interaction Package), which is intensively validated with various 2D and 3D steady and unsteady flows including sonic boom [10, 11, 12, 13, 14] , is used in this paper. To accurately capture shock waves, high order shock capturing schemes, including 3rd order MUSCL scheme [15] , 3rd, 5th and 7th order WENO schemes and a finite compact scheme combining a shock detector and 6th order Pade scheme, are implemented in the code [12, 13, 14, 16] . A set of 4th order and 6th order central differencing schemes are devised to match the same stencil width of the WENO schemes for the viscous terms [17, 18] . For turbulent simulations, FASIP has implemented Detached Eddy Simulation (DES) [19, 20, 21, 22, 23, 24, 25] , Large Eddy Simulation(LES) [18, 26] , and Reynolds averaged Navier-Stokes (RANS) [27, 17, 28, 29, 30, 31, 32, 33 ]. An implicit 2nd order time accurate scheme with pseudo time and unfactored Gauss-Seidel line relaxation is employed for time marching. For aeroelasticity problems, a fully coupled fluid-structural interaction model is implemented [34, 25, 33, 21, 27, 29, 30, 20] . The MPI parallel computing is utilized and a high scalability is achieved [35] . In this paper, the Roe's scheme [36] and a low diffusion E-CUSP scheme developed by Zha et al [37] are used as the approximate Riemann solver with the 3rd order MUSCL, 3rd and 5th order WENO schemes to evaluate the inviscid fluxes.
Results and discussion
Due to symmetry about the longitudinal axis, all the configurations are simulated with half of the geometry to save CPU time using symmetric boundary conditions on the central plane at zero span. The inviscid Euler solver is used for all the cases. For the NASA cone, RANS solver is used to compare the results with the Euler solver.
NASA cone
The cone Model 1 in the NASA sonic boom wind tunnel testing [9] is used to validate the CFD mesh setup and numerical schemes selection. The half cone angle is 3.24 • and the cone length is 2 inch. The experimental Mach numbers 2.01 is calculated for its near field sonic boom signature. The computed results are compared with the experiment [9] and the CFD results of Wintzer et al [38] . The far field sonic boom signature is extrapolated using the NASA NF Boom code [1] based on the method of Thomas [39] .
The cone Model 1 [9] is simulated with half geometry as shown in Fig. 1 . The FASIP code is a point to point connected structured grid flow solver, so special treatment should be done to remove the singularity at the tip of the cone as shown in Fig. 1 . The tip of cone is rounded with diameter less than 0.0001 of the cone maximum diameter. An small O-type mesh topology is applied to the tip of the cone as shown in Fig. 1 , so that a fully point to point connected mesh topology can be generated. A cross section of the mesh is shown in Fig. 2 . The mesh is inclined at the Mach angle to resolve the oblique shock waves. The computational domain size is extended one body length upstream, two and a half body length above and below the cone, and four and half body length downstream of the cone. The inlet boundary conditions is to fix all the variables at the freestresm conditions. The upper, lower, and downstream conditions are zero gradient extrapolation. As the initial trails, the RANS model with Baldwin-Lomax model was used and the near field sonic boom was significantly over-predicted due to the boundary layer thickness. The calculation is then switched to inviscid calculation as the methods used by other groups [40, 38, 41, 42] . The rear part of the cone with constant radius cylinder is extended to the exit boundary for the simplicity of boundary condition treatment. The baseline mesh for the inviscid Euler solver is 201×141×61 in the streamwise, radial and circumferential direction respectively. Grid independent study is conducted with two different grid sizes for the Euler solver. The baseline mesh is used as the coarse mesh with a total number of 1.72 million grid points and the refined mesh is 7.42 million with grid dimension of 331 × 222 × 101. The CFL number is 1.0 with the implicit time integration scheme. Fig. 3 is the near field pressure signature at H/L = 2, where H is the vertical distance from the cone leading edge and L is the cone length. Fig. 3 shows that computed pressure signatures of both coarse mesh and refined mesh agree excellently with the computed results from [38] , which has been validated with experiment. It indicates that the over pressure signature computed using the baseline mesh is converged. The comparisons of different numerical scheme results are shown in Fig. 4 . It can be seen that all the schemes have the same results as that from [38] . Fig. 5 is the extrapolation to H/L = 10 using the NASA NF Boom code [1] and excellent agreement with the experimental measurement is achieved. Fig. 6 is the computed over-pressure with different turbulence models. A refined mesh is used in turbulence model test Y + = 1. It can be seen that results with turbulence model over predict the overpressure compared with that of inviscid model. Fig. 7, 8, 9 are the Mach contours of the cone Model 1 at incoming Mach number of 2.01. The viscous calculation has a boundary layer on the cone surface, which appears to be the cause for the over-pressure prediction discrepancy from the Euler solver. It indicates the sensitivity and challenges of shock prediction in viscous flows. More efforts are needed to make it more accurate. 
SEEB-ALR
The axisymmetric Seeb-ALR model was a required model in 1st AIAA sonic boom workshop. The model is a non-lifting body and featured of flat-top pressure signature, which was created based on the theory of Christine Darden's nose bluntness relaxation. The model was constructed by Lockheed Martin and was tested in the NASA Ames 9-7 ft. Supersonic Tunnel in 2012 [8] . The SEEB design transits monotonically to cylindrical aft-bodies. The transition is intentionally designed with non-smooth 2nd order derivative. A reference length of L=17.667in is specified for the workshop and the body reaches its maximum diameter of 1.43in around 15.6in from the tip. The cylindrical sting has a diameter of 1.395in. which begins 17.678in. downstream of the tip. The sting is tapered to a point far downstream in the simulations. Only the inviscid Euler solver is used for this case.
Grid alignment with mach cone angle is shown in Fig. 10 . As the NASA cone case, the mesh of SEEB-ALR also employs a tiny radius with O-type of mesh topology at the tip of nose to make the grids point to point connected, see Fig. 11 . Two types of mesh were tested. The grid sizes of coarse mesh are 2.22 million with dimension of 65 × 97 × 353 and the refined mesh has 7.42 million with dimension of 97 × 129 × 593 in circumferential, radial and streamwise direction respectively. Fig. 12 and 13 show the computed results of over-pressure for the coarse mesh and refined mesh respectively. An excellent agreement among the computed results of all the different schemes is obtained. The geometry 2nd order derivative oscillation is very well captured as shown by the saw teeth oscillation at the flat top and at the expansion flat part. Fig. 14 is the comparison of signatures between the coarse mesh and refined mesh with Zha [37] flux splitting and 3rd order WENO scheme. They agree excellently overall except the refined mesh has slightly stronger saw teeth fluctuation for the flat top of the signature. Fig. 15 
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• delta wing body
The second required model is the NASA 69 • delta wing-body [43] configuration. The geometry of the delta wing body is shown in Fig. 17 . The model is a 17.52 inches long. The delta wing body provided by the workshop is the 4th model in a series of sonic boom tests of models with different planforms. The wing thickness to chord ratio is 0.05 and the leading edge sweep is 69 • . The Mach number is 1.68 and the angles of attack are varied from 0 to 4.74 degree to correspond to the available test data. This configuration was chosen because it is a simple lifting geometry. Again, only the inviscid Euler solver is used for this case to focus on predicting the shock wave and over pressure accurately.
There are 4 singular grid points in the original mesh provided by the workshop as shown in Fig. 18 , which can not be used directly for FASIP. Hence, modifications on the mesh topology are necessary to make the grid to be point to point connected. First, the singularity at the tip of the nose is replaced by the tiny radius of O-type mesh topology as in the NASA cone and SEEB-ALR geometry, see Fig.  19 . Second, the other three singular points can be avoided by splitting the leading edge side of the triangle wing into two connectors and form a quadrangle on the delta wing, see Fig. 20 . The mesh size is 129 × 129 on the wing surface, but the number of the grid points along the swept wing leading edge is doubled compared with the original mesh of the work shop. The increased mesh points along the wing leading edge also increase the mesh points off the wing in the near field. The effect of mesh topology and mesh size on the wing will be discussed later. The mesh topology and physical domain of the delta wing body are shown in Fig. 21 and Fig. 22 respectively. There are total 12.21 millions grid points in the mesh, which are split into 174 blocks for parallel calculation. Fig. 23 shows the predicted over-pressure compared with the experiment at AoA=4.74 • and h/l=3.6. It can be seen that the bow and wing shocks are in good agreements with experiment [43] . Fig. 24 is the on-track(symmetry plane) and off-track(away from symmetry plane) signatures at h=31.8 inches for AoA=0. The computed over-pressure has a good agreement with experiment data. However, there is a weak shock wave during the expansion from wing tip as shown in the results of off-track signal(phi=90 • and 60 • ), which is not captured by the measurement and other participants of the workshop.
In order to investigate the cause of the weak shock in the expansion, two slightly modified meshes are created. The mesh we used with the split point at the center of the swept wing leading edge to avoid the singularity points makes the total number grids more than that of original workshop mesh. The workshop surface mesh is129 × 129 and our mesh without singularity points is also 129 × 129, but our new topology increases the number of mesh points off the wing surface in the near field. Hence the first modified mesh is to keep the same mesh density as the original mesh on wing surface. It is found that if the side connected with the cylinder body is split, the mesh sizes off the wing can be kept exactly the same as the workshop mesh, see Fig. 25 . The predicted over-pressure of the mesh with the same workshop mesh off the wing is shown in Fig. 26 . It can be seen that weak shock in the expansion off-track disappears. Therefore the weak shock in the expansion appears to be caused by refined mesh off the wing in the near field. To further verify this discovery, a refined mesh based on the work shop near field mesh with the same topology is made. The other refined mesh that employs the same topology as the first new mesh, but the mesh density becomes 161 × 161 on the wing surface. There are about 24.04 million cells in the refined mesh, which is split into 313 blocks for parallel computation. Fig. 27 shows the predicted over-pressure of the refined mesh at h=31.6 inches. It can be seen clearly that the weak shock wave is captured again in the expansion. There are no shock wave in the expansion from the wing tip. Fig. 29 show the Mach number contours of the refined mesh at the same position as that of coarse mesh. The weak shock is clearly seen due to the coalesce of a series of compression waves. Fig. 30, 31, 32 , 33 compare the Mach number contour and shock wave structure at different angle of attack at the on-track plane. It can be seen that the shock near the trailing edge become stronger as the the AoA increases. Fig. 34, 35, 36 , 37 compared the surface isentropic mach number contours at different angle of attack. The shock starting from wing tip become stronger as the AoA increases.
Conclusions
This paper focus on validating the accuracy of an in house code on predicting near field signatures for sonic boom propagation. The flow near the body is solved using an Euler solver with low diffusion E-CUSP schemes. Three benchmark cases, two non-lifting models and one lifting model are calculated. Different flux splitting and reconstruction schemes that are frequently used in the code are tested. The predicted results have a good agreement with that of experiment data. A careful study to evaluate the mesh resolution for the accurate capture of the shock wave is conducted for the delta wing body configuration. The mesh provided by the workshop generates a smooth expansion wave at the off-track plane. When the mesh is refined, a shock coalesced by the compression waves from the wing tip is captured and it generates a weak shock wave interacting with the expansion.
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